Potato virus Y (PVY) has been reported to be a yield-limiting factor in potato even in cultivars such as Shepody and Russet Norkotah which can express very mild symptoms of PVY (5, 11) . Hane and Hamm (5) reported that the degree of symptom expression from seedborne infection of Shepody and Russet Norkotah is not a reliable indicator of the yield reduction that occurs on PVY-infected plants. Draper et al. (3) reported that the heights of PVYinfected Shepody plants were nearly the same as healthy plants, whereas Russet Norkotah showed a marked reduction in growth when infected with PVY. It is a common assumption by seed growers that, when cultivars with mild symptoms are given sufficient nitrogen (N), the virus symptoms can be masked. Such symptom masking could occur if extra nitrogen increases the overall size and appearance of the plant. If the plant responds to extra nitrogen, there also might be a mitigation of the yield reduction caused by the virus. Studies have compared yield reduction due to PVY in cultivars such as Russet Norkotah, Shepody, and Russet Burbank (3, 8, 11) . Both Shepody and Russet Norkotah are very susceptible to PVY and, as a result, virus infection can be high in some fields. None of these studies, however, evaluated yields of virus-infected plants grown under different N levels. Knowledge of the effect of increased N fertilizer on PVY-infected fields may allow a grower to reduce the potential yield loss. The objective of this research was to examine the effect different nitrogen levels may have on the yield of PVY-positive and PVYnegative potato plants.
MATERIALS AND METHODS
Cultivars and seed increase. Seed used was from early-generation certified lots (field generation 2) of Russet Norkotah, CO80011-5, and Russet Burbank. Although CO80011-5 is an advanced breeding selection from the Colorado Potato Breeding Program at Colorado State University, it will be referred to as a cultivar in this work. CO80011-5 was known and used as Crestone Russet by seed and commercial growers, but was never officially released. These lots had negative visual readings for Potato leafroll virus (PLRV) and PVY in the summer and negative readings in postharvest grow-out inspections. CO80011-5 and Russet Norkotah are early maturing cultivars and Russet Burbank is late maturing (6) . All are russet cultivars used for table stock. Seed production was conducted at the Colorado State University Experiment Station in Center each year for the subsequent year's replicated yield plots. A seed increase block for PVY inoculation was established for each cultivar by planting seed tubers into four 30-m rows spaced 0.9 m apart with plant spacing of 30 cm on 5 May 1994 and 16 May 1995. A separate seed increase block served for production of a noninoculated source of seed tubers planted in two additional rows at the same time and in the same manner. Tubers harvested from the inoculated blocks were stored at 3.3ºC and 80% relative humidity for the subsequent year's experiment.
PVY source. Inoculum from PVYinfected CO80011-5 plants was used as the original inoculum source in 1994. The virus source was collected from a field of CO80011-5 near Center, CO from two plants that had tested negative for Potato virus S (PVS), Potato virus X (PVX), and PLRV. The virus was serially transferred and maintained in CO80011-5 plants in a greenhouse, as outlined by Nolte et al. (8) , for use in the subsequent year's inoculations. The PVY strain used was identified, using a panel of monoclonal antibodies, as strain group 01 (PVY O ) by Peter Ellis of Phyto Diagnostics (Sydney, BC, Canada; 4).
Inoculations of seed increase block. Field inoculations were conducted when plants emerged to a height of about 10 cm. Infected potato leaf tissue, at a ratio of 150 g of leaf tissue per 500 ml of chilled potassium phosphate buffer (0.05 M K 2 HPO 4 , 0.05 M KH 2 PO 4 , 0.2% NaSO 3 wt/vol, pH 7.5), to which 500-mesh Carborundum was added at 1 tsp (4.9 cm 3 ) per liter, was macerated in a chilled blender. The solution was filtered through cheesecloth into an automotive-type paint spray gun (Devilbiss, Maumee, OH) and the pressure was adjusted to apply the solution at 7.03 kg/cm (6.89 bar). Plants were sprayed with the inoculum at an approximate distance of 15 cm until all leaves were wet. Plants were inoculated with PVY on 13 June
Previous studies have shown that Potato virus Y (PVY) reduces yield in many cultivars. Typical foliar symptoms can include veinal necrosis, leaf drop, and a mosaic pattern sometimes accompanied by leaf roughness. Infection by PVY in Russet Burbank produces identifiable PVY symptoms, whereas cv. Russet Norkotah expresses mild, almost latent symptoms. Yield also is influenced by nitrogen fertilizer levels. This research was conducted to determine whether increased nitrogen mitigates yield reduction caused by PVY. Russet Norkotah, CO80011-5, and Russet Burbank were used in replicated plots of non-PVY-infected and PVY-infected plants at three nitrogen levels in 1995 and 1996. There was a significant yield reduction between PVYnegative and PVY-positive plots in all cultivars, at most nitrogen levels. PVY yield reduction was similar (approximately 38%) in the mild symptom expression clones of Russet Norkotah and CO80011-5, whereas the yield reduction in Russet Burbank, which exhibits typical symptom expression, was 63.5%. We conclude that increased nitrogen can influence total yield, but does not significantly mitigate the yield reduction due to PVY infection.
Additional keywords: DTBA, ELISA 1994 and 20 June 1996 and a second inoculation was made 1 to 3 weeks later to include all plants that had not emerged by the first inoculation date. Plants grown in the non-PVY block were not inoculated and were located a minimum of 4 m away from the inoculated block each year in the same field. Both blocks received the same cultural practices and harvested tubers were stored in separate bags under identical storage conditions. Virus testing. Plants in the seed-increase blocks (PVY-inoculated and noninoculated) were tested late in the season for PVX, PVY, and PVS. Each plant was tested with a serological assay, the direct tissue-blotting assay (DTBA), which is similar in principle and accuracy to enzyme-linked immunosorbent assay (ELISA; 12). Antisera used for the DTBA testing were obtained from SCIL Diagnostics (Martinsread, Germany). The same antisera also were used for doubleantibody sandwich ELISA. Plants grown from the noninoculated block were tested for PVY, PVX, and PVS by DTBA just before vine kill. Only plants that tested negative for PVY or PVX were harvested to provide PVY-negative seed stock for the subsequent year's yield plot. Plants grown in the inoculated block were tested for PVY, PVX, and PVS by DTBA on the same date as the noninoculated block. Only plants that were positive for PVY and PVS were harvested for the subsequent year's yield plot to provide PVY-positive seed stock. All seed stock was infected with PVS. PVS is found worldwide, is very contagious, usually produces no symptoms or a mild mosaic, and may cause yield reduction of from 10 to 20% (1, 10). PVS was not considered a factor in the outcome of this experiment because all stocks were PVS-infected. The following year, tubers from these plants were used to plant PVY-negative and PVYpositive sections in each plot. PLRV was not observed during visual inspections conducted regularly during the season.
Plants from yield plots in the PVYnegative section were tested with DTBA for PVX, PVY, and PVS during the season and tubers from plants that tested PVYnegative were harvested and weighed. Plants from the PVY-positive section were tested by ELISA for PVX, PVY, and PVS during the season and tubers from plants that tested PVY-positive were harvested and weighed. Plants from either section that tested positive for PVX were not harvested. All plants tested were positive for PVS. ELISA absorbance values, collected for another experiment, were used to determine positive and negative results in the PVY-infected section. When the same antisera is used for ELISA and DTBA, as was done in this experiment, equivalent results can be obtained for positive and negative plants (12) . Because emergence and senescence is cultivar dependant, not all plants were at the same size when tested.
Yield plot design. Russet Burbank, Russet Norkotah, and CO80011-5 were planted in a randomized split-split plot design with three replications. Cultivar was the whole plot, nitrogen levels were the subplot, and PVY-negative or PVYpositive were the sub-subplot. Each plot consisted of seven hills planted with PVYnegative seed and seven hills with PVYpositive seed. Seed in all sections of the plots was PVS-positive.
Plots were planted at the Colorado State University facility in Center in 30-m rows spaced 0.9 m apart, with hills within a row spaced at 30 cm. Plots were planted on 16 May 1995 and 15 May 1996. Buffer rows of Ranger Russet, which is more resistant to PVY than Russet Burbank (9), were planted from certified seed on each side of the plot row. Tuber-borne PVY O infection in Ranger Russet is readily observed as a "whole-plant" hypersensitive response (D. Corsini, personal communication), making it very visible and easy to rogue. The buffer row provided a border of "trap plants" for current-season-transmitted PVY. In addition, a 3.7-m border of winter wheat was planted next to the outside Ranger Russet buffer rows and served as a green crop border. A plot border of trap plants was utilized because it has been shown to be effective in limiting the amount of PVY in small plots (2) . The Experiment Station at Center, CO is located in a valley that historically has low aphid pressure, with aphids occurring later in the growing season. These conditions, combined with roguing, allow successful production of seed potato.
Preplant fertilizer treatments were applied in 1995 and preplant and split treatments were applied in 1996 ( Table 1 ). The . Letters indicate comparison of means within a cultivar; means in a column followed by the same letter are not significantly different at P = 0.05 (determined by pairwise t tests for equal means). For comparison of PVY negative versus PVY positive, * = significant at P = 0.05 and ns = not significant. y Preplant applications were applied in-row at planting. Split applications were applied at a rate of 0.1 kg/ha each week, with preplant portions applied at planting. Split N amounts are listed in Table 1 . z Amount shown is for total N applied in kg/ha. z Preplant applications were applied in-row at planting. "Split" shows amounts applied at planting/cumulative amount applied at weekly intervals. Weekly rates were liquid N (36-0-0) at 11.2 kg/ha (Russet Norkotah) and 22.4 kg/ha (Russet Burbank and CO80011-5). Phosphorus (179 kg/ha) and potassium (67 kg/ha) were applied preplant and at the same rate for all treatments.
recommended rate for each cultivar under San Luis Valley of Colorado conditions was set as the medium nitrogen rate (7). Preplant applications were accomplished by applying all fertilizer in-row at planting. Split applications in 1996 were accomplished by applying the preplant fertilizer (NPK) portion in-row at planting, with the remaining N (liquid 36-0-0; Table 1 ) fertilizer applied at a weekly rate of 11.2 kg/ha (Russet Norkotah) and 22.4 kg/ha (Russet Burbank and CO80011-5) with a backpack sprayer until the specified total N was reached. Plots were irrigated with a solid-set sprinkler system immediately after each liquid N application and for all regular irrigations. Vines were killed with diquat dibromide (Reglone; Syngenta, Greensboro, NC) at 2.4 liter/ha approximately 1 month before harvest. After vines dried down (typically 7 to 10 days after application), and before any regrowth appeared, the vines were burned using a handheld propane torch.
Plots were hand harvested on 4 October 1995 and 1 October 1996. All serologically tested plants within a plot were harvested and total number of tubers and weight per plot were recorded for PVY-positive and PVY-negative sections of each plot.
Analysis. Analyses were run using the general linear model in SAS (13) . Pairwise t tests were conducted to compare means for all PVY-negative yields within a cultivar, all PVY-positive yields within a cultivar, and PVY-negative versus PVYpositive yields at low, medium, and high nitrogen. Significant differences between means were detected at P ≤ 0.05.
RESULTS
Whole-plant yield. In 1995, fertilizer applications had a significant effect on PVY-negative whole-plant yields, with differences noted for CO80011-5 and Russet Burbank, but not for Russet Norkotah (Table 2) . No significant effect of fertilizer was shown when comparing PVY-positive plant yields within a cultivar. A significant cultivar-virus interaction occurred and was similar to results in 1996. In all splitfertilizer applications and in most preplant applications, reduced yield in virusinfected plants occurred compared with PVY-negative plants, regardless of fertilizer rates. In split-application yields, there also was a significant interaction for cultivar-fertilizer. Preplant applications resulted in no yield differences within cultivars, with the exception of PVY-infected CO80011-5 in 1996, which showed yield differences due to fertilizer. In the splitfertilizer application in 1996, only PVYnegative Russet Burbank showed yield differences due to fertilizer. There was significant cultivar-virus interaction in preplant and split-fertilizer applications and in the cultivar-fertilizer in the splitapplication treatment.
Average tuber weight. In the 1995 preplant fertilizer, no significant differences in average tuber weights were seen among cultivars, fertilizer rate, or PVY-negative versus -positive plants (Table 3) .
In 1996, significant tuber weight differences were seen between fertilizer rates of the PVY-negative CO80011-5 in the preplant application, and in the preplant PVYnegative Russet Burbank (Table 3) . In PVY-negative plants, tuber weight increased as nitrogen increased for Russet Burbank and CO80011-5 in preplant applications, but Russet Norkotah showed no significant difference. Russet Burbank also had significant differences in the PVY- x PVY-negative or -positive (PVY-or PVY+, respectively) detected in plots by serological assays (enzyme-linked immunosorbent assay or direct tissueblotting assay). Letters indicate comparison of means within a cultivar; means in a column followed by the same letter are not significantly different at P = 0.05 (determined by pairwise t tests for equal means). For comparison of PVY negative versus PVY positive, * = significant at P = 0.05 and ns = not significant. y Preplant applications were applied in-row at planting. Split applications were applied at a rate of 0.1 kg/ha each week, with preplant portions applied at planting. Split N amounts are listed in Table 1 . z Amount shown is for total N applied in kg/ha. x Means in a column followed by the same letter(s) or no letters are not significantly different at P = 0.1. (Determined by pairwise t-tests for equal means). y Amount shown is for total N applied in kg/ha; sd = standard deviation. z Split applications applied at rate of 0.1 kg/ha each week, with preplant portions applied at planting.
Split N amounts are listed in Table 1. negative split application, but tuber weight did not increase as N increased. Significant tuber weight differences also were seen in 1996 between fertilizer rates and PVY-positive plants of CO80011-5 in preplant N and split-N applications and in Russet Burbank split applications, but not in Russet Norkotah. Tuber weight actually decreased with higher preplant N applications for CO80011-5 and for higher split-N applications for CO80011-5 and Russet Burbank. Significant interactions occurred in cultivar-fertilizer, cultivar-virus, fertilizer-virus, and block-cultivar-fertilizer, and from split-application data for cultivar-fertilizer (P ≤ 0.05). For example, Russet Burbank yields were significantly higher from PVY-negative compared with PVY-positive plants at all N levels in the preplant N treatments (Table 3) .
Yield reduction due to PVY. Significant yield reduction occurred between PVY-negative and PVY-positive plants in most comparisons in the preplant treatment, but all comparisons were significant in the split-N application ( Table 2 ). The percent average yield reduction across all treatment combinations was 36.9% for Russet Norkotah (range of 21.6 to 47.5%), 38.4% for CO80011-5 (range of 16.8 to 57.3%), and 63.5% for Russet Burbank (range of 51.0 to 72.7%) ( Table 4) .
Russet Burbank had higher percent yield reductions at all fertilizer levels than Russet Norkotah and CO80011-5, with the exception of the 1996 CO80011-5 medium split-N application ( Table 4 ). The smallest yield reduction occurred with the CO80011-5 medium preplant N application both years. When the fertilizer treatment for CO80011-5 was split, the medium N application produced the highest PVY-negative yield within this cultivar. In 1996, the CO80011-5 medium N preplant yield reduction was about two-thirds less (70.7%) than the split-N reduction; whereas, for Russet Norkotah medium N preplant, yield reduction was half (50.0%) of the split application.
DISCUSSION
Although previous studies have compared symptom expression and yield reduction in potato plants with PVY (5,8,11), they have not evaluated the effect of additional N fertilizer on the yield of PVYinfected plants. This study shows that, even with increased N applications, a significant yield reduction can still occur in plants infected with PVY. Yield reduction generally was much less for Russet Norkotah and CO80011-5 than for Russet Burbank. These two cultivars fit into a mild PVY symptom expression class compared with Russet Burbank and generally exhibited a lower PVY yield reduction. Hane and Hamm (5) reported an average PVY seedborne yield reduction in Russet Norkotah of 47.2%. Results from the present study show an average seedborne yield reduction for Russet Norkotah due to PVY at 36.9% across all fertilizer and planting treatments. CO80011-5 appears to fit into the same category as Russet Norkotah, with an average seedborne PVY yield reduction of 38.4%. By comparison, Russet Burbank had an average seedborne PVY yield reduction of 63.5% (Table 4. ). Hane and Hamm (5) reported that symptom expression in Russet Norkotah is not a reliable indicator of yield reduction. However, mild symptom expression in Russet Norkotah and CO80011-5 appear to be linked with smaller yield reduction, especially when compared with Russet Burbank, which exhibits a typical mosaic symptom. This link appears to hold true across different fertilizer levels.
PVY reduced whole-plant yields when compared with PVY-negative yields in all treatments. An increase in the fertilizer rate did not produce a correspondingly significant increase in the yield (1996 preplant, all cultivars, and 1996 split application, Russet Burbank; Table 4 ). These data show that, regardless of increasing N fertilizer, similar but still significant yield decreases occur even in mild-symptom-expression cultivars with 0% PVY when compared with 100% PVY-positive plants. Variable percentages of PVY infection likely will result in smaller yield reductions, because a varying number of the plants are infected. In a study by Nolte et al. (8) , the amount of yield reduction for every 1% of PVY infected plants was 0.18 t/ha. This negative yield reduction was virtually the same for the three cultivars studied (Russet Norkotah, Shepody, and Russet Burbank). A similar study by Rykbost et al. (11) found that, for every 1% of PVY-infected Russet Norkotah plants, a yield reduction occurred ranging from 0.08 to 0.19 t/ha depending upon the environment in which the crop was grown. Long-season growing areas with high aphid pressure showed the greatest yield reduction. There may be a level of virus infection where the yield loss can be reduced by adjusting the amount of N fertilizer. In the 1996 split-N application, the least amount of yield reduction for all three cultivars was obtained at the highest N level. However, there was only one instance where an increase in fertilizer resulted in a continual yield reduction trend (Russet Norkotah, split-N application; Table 4 ). These data also show that there is an optimal level of nitrogen applied within the low to medium rate to obtain maximum yield of PVY-free plants (Table 2) . Increasing fertilizer beyond these optimal rates to compensate for some PVY-infected plants may negatively affect overall yield. It also is important to note that, even in cultivars with latent tendency for symptom expression, an increase in N does not compensate for yield reduction due to PVY.
